Current ecological, economic, and social conditions present unique challenges to natural resource managers seeking to maintain the resilience of disturbance-dependent ecosystems, such as oak (Quercus spp.) forests. Oak-dominated ecosystems throughout the U.S. have historically been perpetuated through periodic disturbance, such as fire, but more recently show decline given shifting disturbance regimes associated with human land management decisions. We characterized the state of the social-ecological oak forest ecosystem in the midwestern U.S. through the perspectives of 32 natural resource professionals. Data from interviews with these change agents provided an integrative understanding of key system components, cross-scale interactions, dependencies, and feedbacks. Foremost, private landowner management decisions figured prominently in influencing oak regeneration success and were directly and indirectly shaped by a suite of interdependent ecological, e.g., deer herbivory, invasive shrub occurrence; economic, e.g., the cost of oak regeneration practices, the stumpage value of maple as compared to oak; and social forces, e.g., forestland parcelization, and personal relationships. Interviewees envisioned, and often preferred, a decline in oak dominance throughout the region, pointing to issues related to general landowner unwillingness to restore oak, the current trajectory of forest change, the threat of forest loss due to parcelization and housing development, and a combination of ecological and social factors that decrease the economic feasibility of restoration efforts. However, a decline in oak dominance may result in ecological communities that have no compositional equivalent on record and may not offer a desirable endpoint. Increasing social support offers the potential to enhance system capacity to manage for oak.
INTRODUCTION
In many regions of the United States, the present extent and composition of forests are substantially different than during the time period prior to Euro-American settlement (Schulte et al. 2007, Nowacki and Abrams 2008) , partly because of human land management decisions that have directly and indirectly altered the pattern of disturbance on the landscape. Presettlement disturbance regimes, influenced by a combination of biophysical conditions, ecological processes, and land management decisions by American Indians (Delcourt and Delcourt 1997) , created a heterogeneous landscape composed of a variety of forest types of various ages (Abrams 1992, Radeloff et al. 2000 , Drever et al. 2006 , Schulte et al. 2007 ). In many regions of the U.S., disturbance-dependent, early-to mid-successional forest types once contributed to landscape heterogeneity, thriving in areas that experienced periodic disturbance, such as fire. More recently, many of these forests have experienced declining regeneration because of more recent land management decisions, e.g., fire suppression, selective harvesting. Examples of such ecosystems include the dry ponderosa pine (Pinus ponderosa) and mixed conifer forests of the Inland Northwest (Hessburg et al. 2005) , longleaf pine (Pinus palustris) forests of the Southeast (Platt et al. 1988 ), mixed-pine ecosystems of the Great Lakes Region (Palik and Pregitzer 1992) , and the oak (Quercus spp.)-dominated forests of the eastern and midwestern U.S. (Nowacki and Abrams 2008) .
Ecosystem resilience is described as the ability of an ecosystem to adapt to perturbations and to change http://www.ecologyandsociety.org/vol15/iss4/art5/ or recover in such a way that maintains function, structure, identity, and feedbacks (Holling 1973 , Walker et al. 2004 ). In the context of disturbancedependent forest types, such as those described above, managing for ecosystem resilience requires appropriate management prescriptions that create conditions mimicking the outcomes of historic disturbance regimes (Franklin et al. 2002 , Palik et al. 2002 , Drever et al. 2006 ). However, changes in ecosystem composition and structure since Euro-American settlement, in combination with widespread landscape fragmentation and increasing complexity of land ownership patterns, have created ecological and social conditions that make the reestablishment of historic disturbance regimes unlikely without purposeful and informed intervention (Cissel et al. 1999 , Suding et al. 2004 , Abrams 2005 , i.e., enhancing the capacity of system actors to maintain resilience. For example, clear-cutting, that is, the removal of most overstory trees during a single regeneration harvest, can be useful for regenerating early-to mid-successional forest types, such as the oak-hickory forests of the eastern and midwestern U.S. (Johnson et al. 2002) , but is often viewed by society as having objectionable outcomes. The social acceptability of such practices is crucial to the success of forest management (Bliss 2000) , given that the majority of forestland in the U.S. is in private ownership (Butler and Leatherberry 2004) . For this reason, policy makers and managers seeking to increase the resilience of disturbance-dependent forest types must thoroughly understand both ecological and social features of the system, and work to develop policies and management practices that are ecologically effective, socially acceptable, and enhance ecosystem resilience.
Traditional approaches to understanding and managing natural resources within coupled human and natural systems (hereafter termed socialecological systems; Gunderson and Holling 2002) have been sometimes ineffective or detrimental to ecosystem sustainability and resilience (Holling and Meffe 1996) . In particular, research and management frameworks seeking optimal solutions have typically relied on linear predictive models and command-and-control methodologies. These approaches often fail to appreciate several important features of social-ecological systems, including the influence of cross-scale interactions, multiple stakeholder interests and perspectives, and the unpredictability of human behavior and decision making (Holling and Meffe 1996 , Walker et al. 2002 , Cumming et al. 2006 . In response to some of the failings of traditional approaches to natural resource management, innovative research and management frameworks have been developed to understand and manage the resilience of social-ecological systems. Such resilience-based approaches include systems modeling and analysis (Allison and Hobbs 2006) , alternative scenario development (Chapin et al. 2003 , Peterson et al. 2003b , and stakeholder participation (Walker et al. 2002) . In particular, Walker et al. (2002) propose a working hypothesis of a novel and integrative research approach, described as resilience analysis and management, which utilizes all three methods, with the goal of developing creative pathways to the future. In the process, they illuminate the biophysical and social aspects of the system, cross-scale interactions, and possible management actions and policy mechanisms that can contribute to building system resilience.
We adapted the initial steps in the resilience analysis and management framework to explore the state of oak-dominated ecosystems in the midwestern U.S., setting the stage for future scenario-development and quantitative assessments of resilience. Forest ecologists from the eastern and midwestern U.S. suggest that oaks have been an important component of the landscape for at least the last 10,000 years and thus provide vital habitat for numerous wildlife and plant species that have adapted to the unique ecological conditions they afford (Fralish et al. 1991 , Abrams 1992 , McShea and Healy 2002 , Rodewald and Abrams 2002 . However, forest surveys indicate an overall lack of oak regeneration with a high potential for future replacement by later successional forest types. Termed the "mesophication" of the forests (Nowacki and Abrams 2008) , this successional process is largely occurring at sites where oak less successfully competes with more shade-tolerant, mesic broad-leaved deciduous species, particularly in nutrient rich and moist sites and where disturbance, such as fire, is largely now absent (Crow 1988). In fact, in the Central Hardwood Forest Region of the U.S., the historical prevalence of oak is attributed to centuries of American Indian burning practices, and current oak dominance has been linked to the intensive logging, fire, and grazing activities of Euro-American settlers (Abrams 1992 , Johnson et al. 2002 . In both cases, anthropogenic disturbance has promoted the regional dominance of oak; oaks typically are more Ecology and Society 15(4): 5 http://www.ecologyandsociety.org/vol15/iss4/art5/ fire adapted than later-successional tree species and readily stump sprout under the appropriate conditions (Burns and Honkala 1990) .
Over the last century, fire suppression is largely viewed as accelerating the successional process in oak-dominated forests (Nowacki and Abrams 2008) . However, other complex, and often interrelated, ecological and social factors, such as increased herbivory by white-tailed deer, the spread of invasive plant species, and ill-planned harvests have also been linked to limiting the competitive advantage of oak (Abrams and Nowacki 1992 , Meekins and McCarthy 1999 , Kittredge et al. 2003 , Rooney and Waller 2003 . In particular, highgrading, i.e., a selective harvesting method where only high quality, economically valuable, mature trees are harvested, decreases the overall genetic quality of a forest stand over time and also does not provide openings in the canopy that are large enough to allow adequate light for oak recruitment, thereby, favoring more shade-tolerant species (Johnson et al. 2002 , Kittredge et al. 2003 . Clear-cutting has been used to create suitable light conditions for oak, but this harvesting method can instead encourage succession to more shade-tolerant species if there is inadequate natural oak regeneration at the time of harvest (Abrams and Nowacki 1992) . The layers of complex forces inhibiting successful oak regeneration suggest that the future of regional oak dominance and associated biodiversity are uncertain, if not imperiled (Fralish 2004) . In response, natural resource agencies from various midwestern states have listed oak management as a priority (Iowa Department of Natural Resources 2005, Wisconsin Department of Natural Resources 2005) . The steps required to achieve this priority, however, are poorly defined.
We sought to develop an integrative conceptual model and systems understanding of forest change and oak regeneration in the Driftless Area of the Midwest, illuminate potential leverage points from which to improve oak forest resilience, and provide a foundation for future scenario development and stakeholder participation. In addition to resilience, the concepts of adaptability and transformability form the basis for understanding social-ecological system dynamics (Walker et al. 2004) and are used to help interpret our study findings. Adaptability refers to the capacity of system actors to maintain system resilience, and transformability is the ability of actors to reshape the system when current ecological, economic, and social conditions appear unworkable (Walker et al. 2004 ). Our research approach included: (1) describing the state of the oak system; (2) identifying key biophysical, ecological, and social components and processes that influence oak ecosystem dynamics; (3) revealing within-and cross-scale interactions, dependencies, feedbacks, thresholds, and critical system uncertainties; and (4) developing an understanding of natural resource professionals' preferred attributes of future forest conditions in the region. These goals form the foundation of our systems analysis and are adapted from Walker et al. 's (2002) resilience analysis and management approach. As Walker et al. (2002) emphasize, this approach is designed to go beyond characterizing the system, and can identify points in the system where resilience to uncertain future changes may be increased.
RESEARCH APPROACH

Study area: the Driftless Area of the Midwest
The Driftless Area is roughly 5 million hectares in size, encompassing a part of the upper Mississippi River and portions of four states: southeastern Minnesota, southwestern Wisconsin, northeastern Iowa, and northwestern Illinois (Fig. 1 ). This region historically was a mosaic of tallgrass prairie, bur oak savanna, and deciduous forest (Albert 1995) . Similar to other areas in the eastern and midwestern U.S., the Driftless Area landscape has been substantially altered since Euro-American settlement, with the majority of native cover types converted to agricultural lands, especially on the floodplains and level uplands (Prior 1991 , Albert 1995 . Currently, forests make up nearly one-third of the landcover (US Forest Service 2010), over half of which is described as oak-hickory forest type, while 25% are considered sugar maple (Acer saccharum)basswood (Tilia americana) forests (US Forest Service 2010). The proportion of forestland in the Driftless Area has increased over the last 20-30 years; however, oak-dominated forests have generally declined throughout the region (Knoot 2008) . Nearly all, approximately 90%, forestland is in private ownership (US Forest Service 2010) and most private land holdings are relatively small (<20 ha; Rickenbach et al. 2005) .
Forestlands in the Driftless Area are of ecological as well as social importance, because they are part of the working rural landscape of the region and provide valuable ecosystem goods and services (Jacobs and Wray 1992). The forest cover in this region provides habitat for a variety of wildlife and plant species (Pusateri et al. 1993 , Wisconsin Department of Natural Resources 2005 . In addition, the forested slopes are essential to soil conservation efforts, because the potential for soil erosion and agricultural runoff is high in this steeply dissected landscape (Trimble and Crosson 2000) . As a social and economic asset, the steep forested slopes and trout streams pose an attractive vacation destination for people from three proximal major metropolitan areas: Minneapolis, Minnesota; Madison and Milwaukee, Wisconsin; and Chicago, Illinois. Although the amenity value of the Driftless Area contributes to the local economy, it is also a potential threat to forestland. Between 1940 and 2000, the Driftless Area experienced considerable housing growth (50-200% across the region; Radeloff et al. 2005) following the trend in other areas in the Midwest that are rich in amenity resources and within close proximity to urban areas (Gustafson et al. 2005) . Moreover, oak forests are more frequently converted to residential development in comparison to other cover types, such as residential housing, especially near lakes and rivers (Kromroy et al. 2007 ).
Qualitative Interviews
We used a qualitative research framework to provide insight into the key features of the oak forest system, recognized as a subsystem of the broader social-ecological landscape. Although quantitative methods are useful for answering many important ecological and social questions, such methods require substantial prior knowledge of system components and dynamics. Qualitative social science research methods can offer further insight http://www.ecologyandsociety.org/vol15/iss4/art5/ into complex issues, about which little is already known and for which innovative and flexible strategies are needed because of large uncertainties in the system (Strauss and Corbin 1990) . Given the paucity of information on the economic and social factors influencing oak regeneration, qualitative methods were appropriate for addressing our objectives.
In landscapes composed of primarily privatelyowned forestland, natural resource professionals can serve as key agents in the communication of regional forest conservation goals (West et al. 1988) . Drawing upon adoption-diffusion terminology, natural resource professionals can be termed "change agents," or individuals who are directly involved in promoting or disseminating new knowledge or ideas (Rogers 2003) . These professionals have a unique and multifaceted perspective, often having to negotiate the complex ecological and social context related to forest management on private lands. Therefore, natural resource professionals served as the main stakeholder group to provide insight into our research objectives.
Between October 2005 and May 2006 , the lead author conducted semistructured, in-depth, interviews with 32 natural resource professionals who worked in the Wisconsin (n=8), Iowa (n=9), and Minnesota (n=15) portions of the Driftless Area; these three states include a substantial portion of the study region ( Fig. 1 ). Participants were identified through a nonrandom selection process, described as snowball sampling, in which interviewees recommend other participants (Esterberg 2002), with the goals of interviewing individuals that had regular contact with private landowners and had a substantial amount of experience. Initial interviewees were located using phone directories and web searches, and were contacted because of their natural resource position. We sought to obtain diverse viewpoints; thus, the participant pool consisted of state agency foresters (n=13), other publicly employed natural resource specialists, e.g., forestry extension specialists (n=5), privately employed forestry professionals, e.g., consulting foresters (n=8), and those employed by the timber industry, e.g., sawmill owners and loggers (n=6). We asked research participants for recommendations of other professionals who may have in-depth and/ or a unique understanding of the system. Consequently, interviewees tended to recommend professionals who had worked in the region for a relatively long period of time; the majority of interviewees had at least 20 years of experience in the region. Five interviewees had less than 10 years of experience; however, because of their position and/or level of engagement with private landowners, they were identified by other interviewees as having a unique understanding of the system. We stopped recruiting new research participants after later interviews did not raise substantively new insights (Patton 2002) .
Each interview followed a similar overall format (Appendix 1); however, characteristic of semistructured interviews, the follow-up questions, or probes, were chosen according to individual participant's responses (Esterberg 2002) . To broadly explore oak management as related to ecological and social contextual factors, we asked questions concerning forest resources and private lands management in general, and also inquired directly about the oak forest type (Appendix 1). The length of the interviews varied, ranging between 23 and 107 minutes, and averaged 49 minutes. Roughly half of the interviews (n=17) were conducted in person and the other interviews by telephone; interviews were digitally recorded and transcribed.
To analyze the interviews, sections of the transcribed text were coded and themes were developed using an "open coding" process (Esterberg 2002). The codes, themes, and thematic categories represent frequently encountered perspectives by the interviewees. However, ideas and perspectives that were mentioned rarely or sentiments that were contrary to the majority of opinions were also important to interpreting the findings (Strauss and Corbin 1990) . The lead author used NVivo 7 qualitative analysis software (QSR International 2006) to assist with data management and analysis. We provide quotations from interviews to illustrate key findings (Appendix 2).
Systems Analysis
Systems thinking offers a basis for understanding and designing mechanisms for building resilience in complex systems (Walker et al. 2002, Allison and Hobbs 2006) . In particular, systems theory provides the foundation for the holistic approach to understanding resilience, with attention to not only scale and system components, but relationships as well (Checkland 1981, Allison and Hobbs 2006) . For example, systems theory suggests that complex http://www.ecologyandsociety.org/vol15/iss4/art5/ systems exhibit emergent properties that cannot be understood from examining individual components, but instead result from critical relationships, i.e., feedbacks and dependencies, among components (Checkland 1981). Thus, systems thinking embraces a holistic rather than reductionist perspective and has contributed to the development of numerous approaches to problem solving, including systems agriculture, management cybernetics, and management science, i.e., operations research (Ison et al. 1997 ).
We adopted a soft systems approach, drawing from the interview data and our theme development associated with the open coding process, to create causal loop diagrams that highlight key system variables and processes, relationships, and positive and negative feedbacks from the perspectives of natural resource professionals. Our open-ended interviews yielded varied perspectives from which to build the conceptual model. We included system features that received considerable attention by interviewees and/or offered a unique understanding and description of system dynamics; thus, topics that were not fully developed or discussed in the interviews are not included as key features in the conceptual model but may be discussed in the results. Indicative of causal loop diagrams that represent positive and negative feedback loops, a positive sign in our model linking two variables, such as between variable A and B, indicates that A adds to B, or a change in A produces a change in B in the same direction. A negative sign linking two variables indicates an inverse relationship. To determine whether a negative or positive feedback occurs, we counted the number of negative causal links within the loop; an even number of negative links indicates a positive feedback and an odd number of negative links indicates a negative feedback.
RESULTS
Our findings are arranged in three main sections:
(1) natural resource professionals' perspectives on the state and resilience of the system, including a conceptual model of key system components, relationships, and feedbacks; (2) critical system thresholds, interactions, and uncertainties; and (3) interviewees' preferred attributes of future forestland.
The state and resilience of the oak-dominated social-ecological system
We found that most professionals perceived the overall forest as degraded, with widespread decline in oak regeneration. Interviewees pointed to the effects of ecological, economic, and social factors on the forest resources and oak in particular; these factors influenced the system at different spatial and institutional scales (Appendix 2). In particular, landowners' decision to adopt oak management practices figured prominently in the state of the system (for further description, see Knoot et al. 2009 Knoot et al. , 2010 and was central to our integrative conceptual model (Fig. 2) , as created from the collective perspectives of natural resource professionals. The whole system model ( Fig. 2) is composed of subsystem components that reflect the three main thematic categories, i.e., the main features of the system, which we found to be directly and indirectly associated with landowner decision making. These categories include: (1) the direct and indirect influence of ecological factors; (2) the inhibiting effect of macrolevel socioeconomic processes; and (3) personal relationships promote oak-appropriate decision making. In combination, these system components and processes comprise the conceptual model of the Driftless Area oak forest social-ecological system. For ease of describing and discussing feedback loops in the system, we designated loops as ecological (E), socioeconomic (S), and social-ecological (SE) in nature. Furthermore, we present a depiction of the main features of the system (Fig. 3 ), in which we identify the relative spatial scale, i.e., local to landscape, at which the features and processes occur, and the direction, i.e., negative to positive, of influence on oak regeneration. The arrows in Figure 3 indicate a simplified view of the overall direct and indirect effect of the various features on site-level factors, specifically landowner behavior, as emphasized by the interviewees; whereas system complexity, including multiple feedbacks within the system, is thoroughly represented in Figure 2 .
Category 1: The direct and indirect influence of ecological factors
Interviewees identified several ecological factors that influenced landowners' decision to adopt oak management practices, most often indirectly through their influence on the economic cost of oak regeneration occurring at the site-level (Fig. 2) . Following the central positive social-ecological Integrative conceptual model identifying ecological, social, and economic system components that influence the oak forest social-ecological system, as identified through in-depth interviews with 32 regional natural resource professionals in the Driftless Area of the Midwest. We identify feedback loops as primarily ecological (E), socioeconomic (S), or social-ecological (SE) in nature, with -/+ indicating the direction of the relationship for each component connection and feedback loop. feedback loop (SE1+, Fig. 2 ), landowner adoption of oak management practices, e.g., prescribed fire, extensive overstory tree removal, and manual removal of understory vegetation, improves the biophysical conditions for oak regeneration, thereby increasing oak sapling and seedling growth, and decreasing the economic cost of regenerating oak. Interviewees noted, for example, that when a stand contains adequate advanced regeneration of oak, fewer practices, e.g., direct seeding and planting of oak, are needed for re-establishing oak at a site. A lower economic cost for oak regeneration increases the likelihood that landowners will choose to adopt oak regeneration practices in the future.
The two negative feedback loops link the spread of invasive oak pests and diseases to landowner oak management decisions (SE2-and E1-, Fig. 2) , and serve to dissuade landowners from adopting oak management practices. The majority of interviewees remarked on an increase in the impact of oak pests and diseases on mature oak stands throughout their region. They most often cited gypsy moth (Lymantria dispar), two-lined chestnut borer (Agrilus bilineatus), and oak wilt, caused by a fungal pathogen (Ceratocystis fagacearum), as main threats to the oak resource. Such pests and diseases negatively impact mature oak trees and, thus, standlevel dominance. In turn, they can limit the future Fig. 3 . The relative spatial scale, direction of influence, and general relationships of key system features in the context of oak regeneration, as identified through an analysis of in-depth interviews with 32 regional natural resource professionals in the Driftless Area of the Midwest. spread of pests and diseases of oak (E1-, Fig. 3 ). Several professionals noted that landowners are less likely to choose to adopt oak regeneration practices if future oak-dominated stands are perceived to be at risk of infestation (SE2-, Fig. 2 ).
The majority of natural resource professionals have found white-tailed deer (Odocoileus virginianus) herbivory, invasive plant growth, and the advanced regeneration of sugar maple in the understory as negatively impacting oak seedling and sapling growth, thereby increasing the economic cost of oak regeneration and decreasing the likelihood that landowners will adopt oak management practices (Fig. 2) . For example, to prevent deer herbivory, the professionals recommended the use of tree shelters, an additional cost to landowners. Invasive plants were also commonly viewed by the interviewees as a top threat to oak in the region, directly inhibiting oak seedling and sapling growth, and requiring increased effort and expense to remove. However, the professionals noted that invasive plants also inhibit the regeneration of other tree species, including sugar maple. The professionals cited European buckthorn (Rhamnus cathartica) and garlic mustard (Alliaria petiolata) most often, among over a dozen other invasive plant species. Although not prominent in our discussions with professionals, one professional expressed caution with respect to oak regeneration practices, remarking that the extensive disturbance required to regenerate oak can also promote invasive species growth. This perspective is consistent with experimental evidence indicating a positive relationship between garlic mustard reproduction and light availability (Meekins and McCarthy 2001) . Thus is the potential for a negative feedback in the system surrounding the disturbance of oakappropriate management, which could increase invasive plant growth, decrease oak seedling and sapling growth, and increase the economic cost of future oak management options. http://www.ecologyandsociety.org/vol15/iss4/art5/ The increased advance regeneration of sugar maple in many forest stands was thought to be promoted by local site productivity and past and current land management decisions, specifically high-grading (Fig. 2) . Many interviewees expressed their perception that high-grading was a product of short term economic decision making by private landowners, and carried out, and sometimes encouraged, by some individuals in the logging industry. The professionals remarked that highgrading often retained the overstory canopy and thus favored later-successional, more shade-tolerant species, such as sugar maple.
Notably and somewhat surprisingly, the natural resource professionals did not discuss climate change as an issue that they perceived as affecting oak regeneration and thus climate change was not included in the model, as reflecting the professionals' perspectives. However, there is the potential for climate change to cause significant changes in forest composition and specifically oak in the region. For example, some ecological models suggest that climate change will result in an increase in suitable conditions for oak, specifically white oak (Quercus alba; Prasad et al. 2007 ). Climate change is further discussed below and may be an important component to include in future alternative scenario development, stakeholder discussions, and quantitative systems modeling efforts.
Category 2: The inhibiting effect of macrolevel socioeconomic processes
The second main group of system components and processes includes predominately macrolevel economic and social variables that were noted by professionals to influence the oak system and, specifically, landowner adoption of oak management practices (Fig. 2) . For example, several of the interviewees remarked on the strong market price for sugar maple, which in the recent past was equal to or exceeded the stumpage price for red oak (Quercus rubra). These market forces were thought to decrease the likelihood of landowners choosing to adopt oak regeneration practices, especially given that managing for oak was considered more expensive than managing for sugar maple.
We also found that the professionals were deeply concerned about the widespread trend in forestland parcelization; they connected parcelization to the fragmentation of once contiguous forests by residential housing development. The main negative socioeconomic feedback (S1-, Fig. 2 ) in this part of the system centers on forest parcelization. Many interviewees believed that societal demand for the amenities provided by rural forestland had contributed to its increasing economic value and, thus, increased the likelihood that a landowner would choose to sell a portion of their land, i.e., parcelization. The interviewees also remarked that oak management practices often result in a decrease in the short term aesthetic appeal of the property. Visual aesthetics were thought by interviewees to be a top priority of landowners (Knoot et al. 2010 ). Since oak management often causes a short term decline in property aesthetics, several professionals posited that once landowners view the outcomes of oak management prescriptions, i.e. extensive overstory removal, landowners may be more likely to sell and parcelize their property. Landowners that intend to own their property for only a short duration are also thought as less likely to adopt oak management, which is a long term endeavor. Together these factors form a negative socioeconomic feedback loop in the system and constrain landowner adoption of oak management practices.
We also found that interviewees saw parcelization as directly and indirectly increasing landscape-level economic and operational constraints to oak management, thus decreasing the likelihood that landowners adopt oak management practices (S2and S3-, Fig. 2 ). For example, the professionals noted the challenges associated with carrying out timber harvests, a tool for encouraging oak regeneration, on small parcels and near houses (Knoot et al. 2010) . The professionals have also found that with an increase in exurban housing development, more landowners have direct and frequent contact with their forested property. They linked this phenomenon to an increase in the proportion of landowners placing importance on the nontimber attributes, e.g., aesthetics, recreation, privacy, of their lands; values that most interviewees have found to most often conflict with the perceived outcomes of oak management practices and, therefore, a deterrent to landowners' adoption of these practices (S4-, Fig. 2 ). Conversely, a few professionals noted that landowners interested in enhancing wildlife habitat of their land, often for hunting purposes, expressed interest in regenerating oak. However, visual aesthetics and the economic cost of oak regeneration methods were found to http://www.ecologyandsociety.org/vol15/iss4/art5/ often outweigh landowner values placed on oakassociated wildlife habitat.
Several natural resource professionals also noted an increase in the number of landowners that post their property against public hunting, deemed a result of their own interest in hunting their property and also the importance they place on privacy. As an important relationship between social and ecological components of the system, several of the interviewees linked the decline in public hunting of privately owned lands to an increase in deer herbivory and connects human behavior to an ecological factor inhibiting oak regeneration and landowner adoption of oak management (SE4-, Fig.  2 ).
Category 3: Personal relationships promote oakappropriate decision making
Interviewees placed high importance on their relationships with landowners (Fig. 2) . The professionals described their interactions as increasing landowners' knowledge of oak ecology, the wildlife benefits of oak, and potential management prescriptions, as well as providing landowners access to forest management incentive programs (Knoot et al. 2010 ). These features directly and indirectly increase the likelihood that a landowner will adopt oak management practices, creating positive feedbacks in the system (S5+ and S6+, Fig. 2 ). Consistent with these findings, Huntsinger et al. (1997) found that landowners who were informed about the conservation value of oak were more likely to adopt oak-appropriate management practices. Thus, although parcelization can reduce the likelihood for oak management by landowners (Fig. 2) , there are potential beneficial outcomes. For example, the professionals described parcelization as often resulting in a greater number of landowners seeking forestry assistance, which creates opportunities for building relationships and supports landowner decisions toward managing for oak.
Critical system thresholds, interactions, and uncertainties
Perceived system thresholds
We identified two main ecological thresholds that were discussed, although not quantified, by interviewees, namely the level of deer herbivory in the region and the amount of resource competition, i.e., population levels of woody and herbaceous understory plants, facing oak regeneration. The professionals suggested that, once above a certain level of herbivory or competition, the expense, i.e., economic and personal effort, to counteract these processes exceeded what most owners were able and/or willing to spend. Also, several professionals noted that at some threshold, the current techniques for removal of competing plants became ineffective.
Many interviewees also noted the threshold related to parcel size and the feasibility of management options. In their experience, once parcelization had progressed to the point where parcels fell below a certain size, the economies of scale became critical to determining whether a timber company would be able and/or willing to harvest on that parcel. Notably, the presence of policy mechanisms to help prevent reaching system thresholds were absent from our discussions with the professionals (Fig. 3) .
Cross-scale interactions
Through our analysis of interviews and conceptual modeling approach, we identified several crossscale, i.e., temporal, spatial, and institutional interactions. First, we found that the length of parcel ownership, i.e., the typical time that landowners experience their properties, was perceived to influence their land management priorities, such that shorter land tenure resulted in landowners placing greater importance on the immediate outcomes of forest management practices. As noted by the interviewees, this phenomenon, often augmented by forest parcelization, is in direct conflict with the time frame required to regenerate an oak forest following harvesting; it takes at least 10 years for the overstory canopy to close and several decades to grow a mature oak forest. Thus, regenerating an oak forest requires a time period that usually exceeds the typical land tenure, suggested to be less than 15 years.
In addition, we found that parcel-level land management decisions can have a regional influence on oak regeneration. For example, interviewees expressed the notion that a landowner posting "no hunting" on their property increased deer fitness at their site, potentially contributing to regionally high population levels and seedling herbivory. Thus, site-level expenses for oak management are influenced by regional level ecological (deer population growth) and social http://www.ecologyandsociety.org/vol15/iss4/art5/ processes (human behavior). Invasive plant growth was also thought to influence site-level expenses; however, multiparcel, regional, national, and global issues all contribute to the spread of invasive species. Finally, the natural resource professionals identified both macrolevel factors that influenced forestland parcelization, e.g., regional property values, and site-level factors, e.g., property visual aesthetics, that together served to demote individual landowner decision making to perpetuate oak ( Fig.  3) . Of note is the absence of policy mechanisms to address the macrolevel factors that directly and indirectly were thought to affect landowner decision making.
System uncertainties
The majority of natural resource professionals believed that they were well equipped with a variety of silvicultural tools for encouraging oak regeneration, but many interviewees felt uncertain about how to manage and prepare for the influence of future invasive pests, disease, and plants on forest resources. In addition, most of the interviewees perceived the continued parcelization of forestland and exurban sprawl as looming threats to the forest resources in general, and oak in particular, and were unsure of how they could personally counter these trends.
Preferred attributes of future forestland
We asked the professionals about their preferred attributes of the future forest resources and of oakdominated forests in particular. The main responses we encountered were tied directly to some of the main uncertainties that they identified in the system. We identified three main attributes: (1) diverse and resilient forest stands, (2) secure forest extent, and (3) maintenance of an oak component at stand and/ or landscape scales. Because invasive pests, diseases, and plants were of great concern to the professionals, most interviewees told us that they would like to see forests, at the stand level, that contain a diversity of species and age classes. They linked this diversity to the ability of the forest to withstand future pests and disease outbreaks, i.e., enhancing system resilience to these potential disturbances and ensuring future access to valued tree species. Interviewees also preferred diverse age-classes, also in an effort to provide stable resources for future generations.
The security of the resource was also sought by many interviewees, as reflected in their preference for maintaining or expanding the amount of forest cover on the landscape. This preference was linked to their concern over further exurban housing development and forest parcelization. Both factors were thought to reduce future access to the timber resource by either eliminating the resource through clearing of the land for housing, or increasing the constraints to timber harvesting by reducing parcel size. Thus, we regularly heard their preference to "keep forest as forest." Finally, given the important benefits that oakdominated forests provide to society, we were surprised to encounter the frequent preference for maintaining an "oak component," at stand and/or landscape scales, as opposed to maintaining oakdominated forests. Many interviewees suggested that a reduction in the dominance of oak in the future was acceptable, as long as "some" oak was perpetuated; interviewees' definitions for what proportion of oak was considered acceptable varied considerably and were qualitative as opposed to quantitative descriptions. We found this preference to be tightly linked to the overall system components and feedbacks (Fig. 2) . The majority of ecological, economic, and social factors constrain landowner adoption of oak management practices, either directly or indirectly (Fig. 2) ; 7 of the 10 feedback loops are negative with respect to landowner adoption of oak management practices (Fig. 2) . Thus, the professionals appeared to perceive oak management as a costly and frustrating endeavor, both personally and from the standpoint of private landowners. Many viewed an oak component, as opposed to oak dominance, as more realistic and even preferable given current pressures, especially those associated with oak pests and diseases. Thus, to safeguard the future resources, more diverse stands appeared to be preferable to the professionals. However, there remains the question concerning the intensity and thus cost of management needed to maintain a smaller "oak component" (Povak et al. 2008 ).
In addition, many professionals believed that the trajectory of forest change, i.e., successional shift to later-successional species, was well established. In other words, current thresholds have already been crossed, making management for oak dominance too costly to be attempted. We also heard from a professional about his/her concern that promoting oak could also lead to the loss of future resources.
Ecology and Society 15(4): 5 http://www.ecologyandsociety.org/vol15/iss4/art5/ If landowners are dissatisfied with oak management outcomes, they may sell and parcelize their property, potentially contributing to further exurban housing development.
DISCUSSION
Through our analysis of the interviews, we found that the collective perspectives of the natural resource professionals highlighted important aspects of oak system resilience, offered points for enhancing system adaptability, and suggested key system uncertainties that can be used to develop future scenarios for preferred outcomes that safeguard valued ecosystem goods and services provided by privately-owned forestland in the Midwest.
Resilience of oak social-ecological systems
The landscape in the Driftless Area prior to and just following Euro-American settlement provided a set of conditions that favored disturbance-dependent oak forests, with later-successional forest types composing a smaller proportion of the landscape than today. This landscape can be thought of as a "stability landscape," with various forest types represented as stability domains (Gunderson 2000) . Resilience refers to the attributes that allow the system to remain in that particular domain, retaining key system components, processes, and functions despite disturbance. There are four main attributes that describe system resilience: (1) latitude, or the maximum amount a system can change before reaching a threshold; (2) resistance of a system to change; (3) precariousness, or how close the system is to a threshold; and (4) panarchy, which refers to the cross-scale system processes; the system at one focal scale is influenced by systems components and processes at broader and finer scales (Walker et al. 2004) . The ball and cup heuristic (Gunderson 2000) provides a visual of the four features of resilience; the ball represents the state of the system and the cup is the stability domain, with one or more cups forming the stability landscape.
The natural resource professionals clearly articulated a change in the shape of the stability domain and stability landscape over time (Fig. 4 , adapted from Nowacki and Abrams 2008) . Wider domains, i.e., greater latitude, with steeper sides, i.e., greater resistance to change, indicate increased system resilience. The stability domain for oak appears to have decreased in latitude and resistance, with increasing precariousness, because of both ecological and social system features (Fig. 4) . For example, an important threshold in the system was identified as the proliferation of understory plant competition. With a change in the disturbance regime in the region, namely fire suppression and high-grading, more shade-tolerant species have thrived in the understory, decreasing system resistance to change. The invasion of non-native plants in the understory has also contributed to reducing resistance, as well as moving the system closer toward the threshold, i.e., increasing precariousness. Further decreasing system resilience, deer herbivory appears to have reduced the latitude, or width, of the domain, inhibiting oak regeneration and moving the threshold closer to the current state of the system, i.e., with less oak regeneration due to herbivory, there is a lower threshold for understory plant competition before the system shifts into an alternate state (Fig. 4) .
Adoption of oak management practices, such as prescribed fire, could help to retain the shape of the oak stability domain and enhance system resilience. However, forest parcelization and exurban development, in addition to the ecological factors described above, have contributed to reducing the likelihood that landowners adopt oak management practices, including prescribed fire. The main alternatives to oak management were typically noted to be high-grading and no management, which alter the shape of the stability domain for oak and potentially the overall stability landscape. For example, widespread high-grading and lack of management by landowners appears to shrink the stability domain for oak while increasing the latitude and resistance of the domains of other forest types, e.g., sugar maple-basswood. However, the social relationships between resource professionals and landowners may serve to support oakappropriate landowner management decisions (positive driving force, Fig. 3 ) and increase the stability domain for oak. Furthermore, if the barriers to oak management are minimized, we would expect that the landowners, who hold preference for oak because of their interest in providing high quality wildlife habitat, as noted by the interviewees, would be more likely to adopt oak management techniques. Given that our findings are based on the perspectives of natural resource professionals, future research that assesses landowner perspectives of oak management would offer further clarification of the Fig. 4 . The stability domains and landscape of the historic and current forest landscape in the Driftless Area of the Midwest, as portrayed through a ball and cup heuristic (adapted from Nowacki and Abrams 2008) . The state of the system is the ball and the stability domains are represented as the cups (i.e., oak and maple). The stability landscape is composed of one or more domains. The transition between domains occurs where the conditions in the system reach a critical level or the system threshold (T). Overall system resilience, or ability of the system to retain the same structure and function, is influenced by: system resistance (R) to change; system latitude (L), or the maximum amount that the system can change before reaching a threshold, or system latitude; and the precariousness (P), or nearness to a threshold. The current oak system has decreased overall resilience to change because of a combination of ecological, economic, and social drivers, with a potential shift to a stability landscape dominated by maple or uncertain and novel stability domains.
proportion of landowners who hold values and beliefs consistent with oak management techniques and the relative importance of landowner connections to natural resource professionals with respect to their oak management activities.
In the northeastern U.S., where ownership patterns closely parallel those in our study region, Kittredge et al. (2003) documented the pervasive and nonrandom pattern of high-grading across the landscape, which they expect to result in forest and landscape homogeneity. The results from our interviews suggest that with the decline in oakdominated forests, homogenization of the forest landscape is also possible in our region, with reduced oak-associated biodiversity. The potential for creating new stability domains with novel species compositions (Seastedt et al. 2008 ) also exists within this landscape, such as forests with a larger component of invasive shrub species. This type of shift in the stability landscape was deemed highly undesirable by the natural resource professionals, but they felt they did not have the capacity to cope with it. These natural resource Ecology and Society 15(4): 5 http://www.ecologyandsociety.org/vol15/iss4/art5/ professionals typically apply their expertise to forest stand and properties, whereas management of invasive plants requires a broader-scale approach, i.e., attention to system panarchy.
Panarchy is the fourth attribute that helps to describe system resilience and relates to the importance of scale; the state of the system at a particular focal scale, i.e., oak-dominated forests, is influenced by broader, i.e., forest landscape, and finer, i.e., oak tree, scales (Gunderson and Holling 2002, Walker et al. 2004) . We identified critical cross-scale interactions that offer the potential to influence oak system resilience. For example, climate change, although not included in the model, market forces, i.e., stumpage prices for oak and maple, invasive species spread, societal demand for rural forestland, and forestland parcelization and exurban sprawl, operate at broader scales, from regional and global, but have cascading effects on landowner decision making and oak regeneration at the forest stand level (Fig. 3) . Thus, policy mechanisms and management approaches must address these multiscale system drivers. One such approach is cross-boundary cooperation, where neighboring landowners coordinate their management to achieve landscapelevel outcomes, such as timber supply or invasive species removal (Kittredge 2005) . Where forest parcelization and exurban sprawl contribute to less marketable timber volumes, cross-boundary cooperation offers the potential to broaden the scale of management, with potentially beneficial ecological, economic, and social outcomes ( Kittredge 2005) . For example, because invasive plants and deer are not attentive to political borders, cross-boundary cooperation is essential to tackling these critical constraints on oak regeneration.
Social capacity for adaptation and transformation
In the context of managing for oak in the region of our study, removing the constraints on this disturbance-dependent system requires the collective effort of actors operating at multiple institutional scales, e.g., individual landowners, natural resource professionals, conservation organizations, and regional and national-level policy makers. As mentioned previously, various natural resource organizations have listed oak management as a priority. However, our findings suggest that, in the face of continued parcelization, the natural resource professionals were most interested in bolstering system resilience at the scale above oak-dominated forests, i.e., forest landscape, seeking to ensure future access to forest-related ecosystem goods and services that would diminish with a shift from forest to nonforest cover, e.g., agricultural land and residential housing. To achieve this goal, many professionals accepted a loss of resilience in oak forests, i.e., the shrinking of the oak system domain, especially if the system shifts to sugar maplebasswood, a system deemed economically beneficial and more palatable to landowners. However, a consistent and widespread loss of oakdominance could have cascading ecological effects on the numerous species that depend on the conditions afforded by oak forests (Fralish 2004) . Although humans and markets may adapt to the shift in availability of the timber resource, the future of oak-associated flora and fauna is questionable. In addition, the interviewees stated that less intensive forest practices were acceptable and often preferred by landowners. However, taken in the aggregate, the decisions of the numerous landowners in the region to selectively harvest their forests may result in overall landscape homogeneity (Kittredge et al. 2003) , with a loss of resilience at this broader scale.
Although not directly discussed by interviewees, climate change may be a critical system uncertainty. Although the interviewees regarded the shift in the stability landscape toward sugar maple-basswood forests potentially economically advantageous, this shift may be unstable in the long term. For example, climate change models point to a decline in suitable conditions for sugar maple, with an expansion in the habitat appropriate for white oak (Prasad et al. 2007) . A decline in oak-dominated forests in the short term, however, would decrease the potential for natural regeneration of future oak forests, and the expense of restoring oak may then be cost prohibitive despite suitable ecological conditions (Nowacki and Abrams 2008) . Therefore, if the domain for sugar maple shrinks because of climate change, there is potential for an increase in a domain that includes novel species compositions, including undesirable species such as European buckthorn.
CONCLUSIONS
If the resilience of oak forests is deemed socially desirable, there must be dialogue among key regional stakeholders to design proactive approaches that address the multilevel constraints to oak management and capitalize on the Ecology and Society 15(4): 5 http://www.ecologyandsociety.org/vol15/iss4/art5/ opportunities for influencing landowner behavior and system resilience, i.e., encourage relationships between the professionals and private landowners, develop oak-specific economic incentives. However, there are possible costs to managing for oak, such as the potential spread of invasive plants, as noted in the literature, and further parcelization, as found in our study. Given system uncertainties and the current trajectory of change, there is a need to envision alternative preferred system states and create practical solutions that can prevent the loss of valued ecosystem goods and services due to shifts toward undesirable systems, such as nonforest cover. Such envisioning of alternative futures is crucial to system transformability (Peterson et al. 2003a) , which is the capacity of system actors to reshape the stability domain while maintaining valued ecosystem goods and services (Walker et al. 2004) . The natural resource professionals provided us with preferred attributes of future forestland conditions, including ready access to valued timber species, a halt to further forest parcelization and exurban housing development, and the maintenance of the forest extent. However, steps toward achieving these goals appeared to be ill defined. As the future of non-native species invasions, forest parcelization, and ecological conditions associated with climate change remain uncertain, the envisioning of alternative scenarios could initiate a discussion on the next steps and create the partnerships needed for action (Walker et al. 2004) . A full understanding of the potential gains and losses of valued ecosystem goods and services as related to each scenario is also critical for scenario evaluation and decision making. The experiential knowledge of the natural resource professionals provided an integrated view of the system; experimental knowledge, e.g., quantitative evaluation of thresholds related to understory competition and the economic expense of oak regeneration, is now needed to identify cause and effect, inform scenario development, and provide access to those seeking action (Fazey et al. 2005) .
Overall, our study illuminated key system components and processes, and highlighted potential system uncertainties, namely forest parcelization, housing development, and the spread of invasive diseases, pests, and plants, which can be used to create alternative visions of the future (Peterson et al. 2003b) , addressing aspects of the first two steps in the resilience analysis and management approach (Walker et al. 2002 ). Furthermore, we were able to more fully understand emergent properties in the system, such as landowner forest management behavior, which would not be possible without a systems approach. Our findings also contribute more broadly to discussions of the resilience of disturbancedependent forest types, especially related to broadscale system drivers that require policies and management regimes attuned to appropriate scales of influence. As has been noted in dry ponderosa pine-dominated landscapes in the southwestern U. S., conservation planning and restoration are needed at the landscape scale, which can help accommodate the multiple site-level objectives taken in the aggregate (Noss et al. 2006) . Similarly in our disturbance-dependent system, there are multiple land use objectives that can conflict with site-level oak management, and thus a targeted approach toward restoring disturbance regimes in ecologically and socially suitable areas is warranted (Knoot et al. 2010) . Our study also points to the need for policies and management that address broad-scale constraints while remedying scale mismatches, i.e., managing landscape-level disturbance regimes necessitates cross-boundary coordination and concomitant policy mechanisms that encourage such coordination, lessons that can be applied to other disturbance-dependent systems. Ecology and Society 15(4): 5 http://www.ecologyandsociety.org/vol15/iss4/art5/ APPENDIX 2. Examples of some of the main components, processes, thresholds, and uncertainties of the oak social-ecological system, as described by regional natural resource professionals. These system features are categorized as either ecological or social/economic in nature and vary in the scale at which management and/or policy mechanisms are or could be used to address them. Example quotations are given to illustrate each feature (pseudonyms are used to protect interviewees' identities).
Key System Component or Process
Type of Issue
Management/ Policy Scale
Example Quotation
Deer herbivory 1 Ecological Site-level, multi-parcel, and regional 
Ecological
Site-level, multi-parcel, regional, national, and global
My main concern right now is what's on the horizon with gypsy moth and emerald ash borer coming at us. I think that too is going to change the face of the Driftless Area. Gypsy moth is going to rage through; it's going to take -probably the first go-around-it's going to take all the unhealthy trees, trees on poor aspects. Between that and black oak, our south slope red oak stands could be decimated. But since there was a lot of over mature [oak] timber, a lot of these woods had maple-basswood understory. When you finally took the bigger oak, it released the maple-basswood, so now we've got some more pure stands of maple-basswood. Which, in our industry, the way we're looking at it now with hard maple being excellent, even more valuable than oak, and basswood kind of a medium grade value wood, we're going to manage for those timbers.
-Paul, a sawmill owner for over 25 years Landscape-level economic and operational constraints Social/ Economic
Regional, national
Say you have 30 contiguous acres of woods and if it is owned by one property owner, say it's a nice red oak stand for the most part. If that one landowner . . . he would be much more apt to be able to carry out proper silviculture on it, carry out a harvest on it, regenerate the oak. That same 30 acre parcel is now six landowners of five acres apiece. The likelihood of being able to get that harvested in the same way is gonna be a lot more difficult, because...you have six different landowners and...for them all to have the same interest and same goals, both short-and long-term, is not always the case. . . . It kind of takes away some of the managing based on what the actual resources are. It takes away some tools from sound forest management. . . . It brings more social or human factors into...[how] the actual management is carried out on that property. -Sam, nearly 10 years as a public forester Ecology and Society 15(4): 5 http://www.ecologyandsociety.org/vol15/iss4/art5/ Landowner contact with natural resource professional
Social/ Economic
Site-level, regional
Probably the biggest challenge with the landowners is getting them to call. Once, if they call, then the chances of them doing something are pretty high. Once you start working with them, most people, when they see what needs to be done in their woods, everybody's willing to do something. The costsharing is a big benefit in that. . . . The cost of doing this stuff, if it gets too prohibitive, it's going to prevent people from [managing their forest].
-Rob, a public forester for over 15 years Landowner selective removal (high-grading) of individual, high value trees
Site-level, regional, national A lot of the harvesting that occurs...is at the whim of the owner and the logger. And what typically happens still is a high-grade down to a certain [tree] diameter limit, and in a lot of cases that just tends to promote further conversion to, if we're lucky here, maybe northern hardwoods-sugar maple, basswood, ash-or if you're unlucky, it's elm, hickory and box elder. So we have a wholesale conversion of former oak stands to something else.
-Jake, a public forester for over 30 years
